Extracorporeal membrane oxygenation (ECMO) is increasingly being applied as life support for acute respiratory distress syndrome (ARDS) patients. However, the outcomes of this procedure have not yet been characterized in severe ARDS patients. The aim of this study was to evaluate the outcomes of severe ARDS patients supported with ECMO and to identify potential predictors of mortality in these patients. A total of 38 severe ARDS patients (aged 51.39±13.27 years, 32 males) who were treated with ECMO in the specialized medical intensive care unit of Guangzhou Institute of Respiratory Diseases from July 2009 to December 2014 were retrospectively reviewed. The clinical data of the patients on the day before ECMO initiation, on the first day of ECMO treatment and on the day of ECMO removal were collected and analyzed. All patients were treated with veno-venous ECMO after a median mechanical ventilation duration of 6.4±7.6 days. Among the 20 patients (52.6%) who were successfully weaned from ECMO, 16 patients (42.1%) survived to hospital discharge. Of the identified pre-ECMO factors, advanced age, a long duration of ventilation before ECMO, a higher Acute Physiology and Chronic Health Evaluation II (APACHE II) score, underlying lung disease, and pulmonary barotrauma prior to ECMO were associated with unsuccessful weaning from ECMO. Furthermore, multiple logistic regression analysis indicated that both barotrauma pre-ECMO and underlying lung disease were independent predictors of hospital mortality. In conclusion, for severe ARDS patients treated with ECMO, barotrauma prior to ECMO and underlying lung disease may be major predictors of ARDS prognosis based on multivariate analysis.
Introduction
Despite years of focused researches and advancements in therapies, acute respiratory distress syndrome (ARDS) remains a fatal disease with a mortality rate of 40-46% [1, 2] . The new Berlin definition of ARDS guides physicians to the best treatment options based on illness severity and proposes ECMO as a valuable therapeutic option for patients with severe ARDS (PiO 2 / FiO 2 below 100) to take over lung function and minimize ventilator-induced lung injury when conventional support fails [3] .
ECMO is one of several terms used for an extracorporeal circuit that directly oxygenates and removes carbon dioxide from the blood. ECMO was first used successfully on an adult patient in 1971 [4] . Early studies in adults did not demonstrate a survival benefit from ECMO for severe acute respiratory failure and showed a mortality rate of approximately 60-80% [5] [6] [7] [8] . However, technological advances and continued experience, particularly involving the use of ECMO for ARDS during the 2009 influenza A (H1N1) pandemic, generated widespread interest in ECMO techniques and increased the survival rate of ARDS patients treated with ECMO to 56%-70% between 2006 and 2010 [9] [10] [11] . Paden et al. showed that in the United States from 1996 to 2006, the use of ECMO remained steady at approximately 100 cases per year; however, in 2009, the use of ECMO dramatically increased to 400 cases per year [12] . Because this significant increase in the use of ECMO, which requires highly specialized staff and equipment, may increase resource utilization and hospital costs, early identification of mortality risk factors is needed [13] . However, outcome predictors for ARDS patients treated with ECMO remain unclear, and studies evaluating the mortality rate of severe ARDS adult patients undergoing ECMO based on the new Berlin definition of ARDS are scarce. The role and proper use of ECMO for ARDS patients have not been definitively established, despite the completion of the conventional ventilatory support vs extracorporeal membrane oxygenation for severe adult respiratory failure (CESAR) trial [14] .
Therefore, the aim of our study was to review the use of ECMO in severe ARDS patients based on the new Berlin definition of ARDS. We analyzed the epidemiological characteristics, clinical features and predictors of survival among severe ARDS patients treated with ECMO in our center.
Materials and Methods

Ethics statement
This study was approved by the Institutional Research Ethics Board of the First Affiliated Hospital of Guangzhou Medical University (Permit No 2016-03), which waived the need for informed consent for the retrospective collection of demographic, physiological and hospital outcome data based on Chinese legislation. All patient records/data were anonymized and deidentified prior to analysis.
Study design and patients
The First Affiliated Hospital of Guangzhou Medical University is a specialized acute-care university hospital. We reviewed the ECMO database, which identified all patients treated with ECMO between July 2009 and December 2014. We included all adult patients with a confirmed diagnosis of ARDS that was considered potentially reversible by the treating clinician based on the new Berlin definition of ARDS. Patients under 18 years of age were excluded from the study. ECMO therapy was indicated if patients exhibited a partial pressure of arterial oxygen (PaO 2 )/fraction of inspired oxygen (FiO 2 ) ratio below 80 mmHg for at least 2 h with FiO 2 of 1.0 and positive end expiratory pressure (PEEP)>5 cmH 2 O (We titrated PEEP according to ARDS network before ECMO support) or respiratory acidosis according to pH<7.20 despite the implementation of a lung-protective ventilation strategy (plateau pressure<30 cmH 2 O, tidal volume of 6 ml/kg).
Data collection
Basic information was collected from our institution's ECMO database for all patients. The following retrospective data were obtained: demographic data, such as age, sex, height and weight; primary diagnosis for ECMO implementation; chest radiographs; respiratory and hemodynamic parameters; ventilator settings; blood gas values; lactate levels; and APACHE II score, which was calculated according to data obtained prior to the initiation of ECMO. We evaluated the chest radiographs of patients to define pre-ECMO barotrauma events. Radiographic evidence of barotrauma included pneumothorax, pneumomediastinum, pneumatoceles, or subcutaneous emphysema. Because barotrauma in mechanically ventilated patients often presents as acute, life-threatening hypoxemia or hypotension, we reasoned that not all cases of barotrauma would have previously been documented on chest radiography before chest tube placement. As a consequence, we chose an inclusive definition of barotrauma that would capture most events [15] . We also collected data concerning ECMO management, including ECMO mode; cannulation; duration of ECMO support and complications; mechanical ventilation time before ECMO initiation and after ECMO support; interventions such as renal replacement therapy; dates of hospitalization, discharge from the hospital; and cause of death. The primary outcome for this study was the hospital mortality rate. The secondary end-point was the outcome of weaning from ECMO. Successfully weaned patients were defined as those who remained alive within 48 hours after weaning from ECMO.
ECMO management
ECMO was initiated in our intensive care unit (ICU), which contains an established system with which to implement ECMO when needed. Percutaneous cannulation is performed by our ECMO team under general anesthesia in the ICU. The standard ECMO configuration for support of hypoxemic respiratory failure was veno-venous (femoro-jugular) ECMO. We used centrifugal pumps (Bioline, Maquet, Hirrlingen, Germany) at a flow rate of 3-5 L/min in all patients. Circuits were heparin-coated and composed of Quadrox PLS oxygenators (Bioline, Maquet, Hirrlingen, Germany) with HU 35 heater units (Maquet, Hirrlingen, Germany). Two circuit connectors were available between the pre-and post-oxygenators to provide renal replacement therapy via the ECMO circuit if required. Anticoagulation was maintained using continuous intravenous unfractionated heparin by targeting an activated clotting time of 160-180 s. The ventilator settings during ECMO were as follows: pressure control mode, PEEP 10-12 cmH 2 O, pressure above PEEP 12-15 cmH 2 O, plateau pressure 25-28 cmH 2 O, respiratory rate 16-18 breaths/min, and FiO 2 adjusted to obtain an arterial O 2 saturation of 90-95%; however, FiO 2 was set to 1.0 on the oxygenator. 25/38 (65.8%) of the patients were curarized during the mechanical ventilation before the initiation of ECMO and all patients did not receive neuromuscular blocking agents during the ECMO support. ECMO was continued until lung recovery or until irreversible multiorgan failure leading to death. Patients were weaned from ECMO when the following criteria were met: after stopping gas flow to ECMO, a PaO 2 /FiO 2 above 150 mmHg with PEEP<12 cmH 2 O, plateau pressure below 30 cmH 2 O and tidal volume of 5-7 ml/kg. and variables with p <0.05 were used in multivariate logistic regression analyses with stepwise selection and the results were reported as odds ratios (ORs) and 95% confidence intervals (CIs). P<0.05 was considered statistically significant. Statistical analysis was performed using SPSS 12.0 software (SPSS, Inc., Chicago, IL, USA).
Results
Patient characteristics
During the study period, 43 patients with severe respiratory failure received ECMO treatment, and 38 of these patients were analyzed. 1 patient under 18 years of age, 3 patients who did not have severe ARDS according to the new Berlin definition of ARDS, and 1 patient who experienced cardiac arrest were excluded from the study (Fig 1) . As listed in Tables 1 and 2, 32 patients were male, and the mean age was 51.3±13.2 years (range 27-74 years). The average age of the successful ECMO group was lower than that of the unsuccessful ECMO group (49.9 ±13.7 vs 57.3±10.1 years, P<0.05), and the mean body mass index (BMI) was similar between the two groups (25.62±2.42 vs 26.36±2.95 kg/m 2 , P>0.05). Furthermore, 65% (13/20) of patients without underlying lung disease were successfully weaned from ECMO (P<0.05), but 9 patients who had a history of lung fibrosis died during ECMO. It was noted that of the 9 patients with interstitial lung disease which included 3 patients who were suspected to suffer from connective tissue disease involving the lung based on clinical diagnoses and 4 patients who were considered to suffer from idiopathic pulmonary fibrosis (IPF) and were awaiting lung transplantation, and 2 were diagnosed with interstitial lung disease of unknown origin. In addition, of the patients receiving ECMO, 91.67% (11/12) of those with pulmonary barotrauma prior to ECMO died while receiving ECMO. The main cause of ARDS was documented as infectious diseases (32/38), with 26 (81.25%) patients presenting with bacterial pneumonia, 3 with virus infection, and 3 with fungal pneumonia. The mean APACHE II score on first admission to the ICU was 21.34±3.98. The average APACHE II score of the non-survival group was higher than that of the survival group (22.18±3.49 vs 19.4±3.2, P<0.05).
Respiratory characteristics and ventilation variables before and after ECMO
As shown in Most patients were mechanically ventilated for fewer than 7 days prior to the initiation of ECMO. The median time between intubation and ECMO cannulation was 6.41 (0.4-28) days. As shown in Table 4 , compared with the surviving patients treated with ECMO, the non-survivors receiving ECMO experienced much longer mechanical ventilation durations before ECMO treatment (3.08±3.89 vs 8.59±8.69, p<0.05). In addition, the non-survivors displayed higher lactate levels [2.80 (1.1-10.65) vs 1.9 (0.78-5.99) mmol/L, P = 0.09]. During ECMO therapy, other characteristics were not significantly different between survivors and non-survivors. The median (range) duration of ECMO therapy was 5.73±4.91 days in survivors and 15.57±17.88 days in non-survivors. The duration of ECMO support was 56 days in one patient awaiting lung transplantation. In addition, the duration of mechanical ventilation after ECMO was 21.09±17.89 days in survivors. There was no significant difference in the creatinine or hemoglobin level or in the WBC count before ECMO between survivors and non-survivors. The duration of ECMO was longer in non-survivors than in survivors. Outcomes of patients and predictors of mortality A total of 20 patients (52.63%) were successfully weaned from ECMO, and 16 patients (42.11%) survived to hospital discharge. The complications and outcomes of patients treated with ECMO are listed in Table 5 . With respect to complications, hemorrhagic events occurred during ECMO in 16 patients (42.11%): gastrointestinal hemorrhage occurred in 9 patients, intrapulmonary hemorrhage occurred in 5 patients, intracerebral hemorrhage occurred in 1 The data are expressed as n (%), medians (interquartile ranges), or means ± SD; *p<0.05. patients and retroperitoneal hematoma in occurred in 1 patients; 1 of these patients required surgical treatment. Multiple organ failure associated with intractable respiratory failure was the most common cause of death; 18.18% of the patients died of severe infection, and 1 patient (4.5%) died of hemorrhagic complications. We further determined the relationship between patient characteristics and hospital mortality. Univariate analysis (Table 6 ) identified 4 variables as statistically significant prognostic factors for hospital mortality: age, duration of ventilation before ECMO, barotrauma pre-ECMO and underlying lung disease. We then included these 4 significant risk factors identified from univariate analysis in multivariate logistic analysis and Multivariate analysis (Table 6) showed The data are expressed as n (%), medians [interquartile ranges], or means ± SD; *p<0.05. that barotrauma pre-ECMO and underlying lung disease were significant and independent risk factors for hospital mortality, whereas Age (p = 0.567) and Duration of ventilation before ECMO (p = 0.117) were not significant.
Discussion
ECMO has been controversial because of its association with serious complications and poor outcomes over the last several years; however, advances in extracorporeal technology have renewed interest based on accumulating new evidence [16] . To date, most studies examining the rates and causes of death among critically ill patients, such as those with severe myocardial dysfunction and life-threatening respiratory failure, focused on the time point after the initiation of ECMO. In a large multicenter database of 1,473 adult patients supported with ECMO during respiratory failure, the rate of survival to hospital discharge was 50% [17] . The results of our study show that the mortality rate of adult patients suffering from severe ARDS undergoing ECMO is 57.89%. Studies evaluating the mortality rate of severe ARDS adult patients undergoing ECMO based on the new Berlin definition of ARDS are scarce. Several authors have reported the successful use of ECMO on patients with influenza A (H1N1) virus-induced ARDS infection-associated severe respiratory failure in Australian and New Zealand ICUs, resulting in a mortality rate varying from 21 to 33% [10, 18] . In the CESAR trial, 63% of patients treated with ECMO survived, and this result demonstrated that ECMO produced favorable outcomes [14] . Most studies have shown that application of ECMO results in encouraging survival rates. This is the first article to review the use of ECMO on severe ARDS patients admitted to the ICU in China based on the new Berlin definition of ARDS and to identify predictors of mortality among severe ARDS patients supported with ECMO. Compared with previous studies, the present study reported a higher mortality rate. Several factors may have accounted for the higher mortality rate at our center. First and most importantly, the present study reviewed the use of ECMO on severe ARDS patients according to the new Berlin definition of ARDS. A PiO 2 /FiO 2 >100 is an exclusion criterion for ECMO treatment; therefore, some ARDS patients with a PiO 2 /FiO 2 >100 and high carbon dioxide levels were excluded from this study. The patients enrolled in our study who were supported with ECMO may have been very sick and may have had refractory hypoxia [3] . Additionally, our center is considered as a regional reference center for the treatment of the most severe cases, and other centers would likely not use ECMO at the same rate on such high-risk patients; this difference could explain the high ARDS severity observed in our patients [19] . Second, compared with other studies, the present study reported a longer mean duration of ventilation before ECMO, and this result likely contributed to the high mortality rate. As reported previously, the ventilation time before ECMO is related to the risk of mortality: the longer the ventilation time, the higher the mortality rate [20] . Finally, most patients enrolled in this study had pneumonia associated with severe sepsis, and many of these patients required renal replacement therapy during ECMO support; these conditions may also have contributed to the high mortality rate observed in this study [21] . The mortality rate is most likely strongly infiuenced by characteristics that vary among centers [22] .
Another objective of this study was to identify early prognostic factors of successful weaning from ECMO and mortality among severe ARDS patients treated with ECMO to help clinicians decide whether to treat patients with ECMO. We found that age, duration of ventilation before ECMO, underlying lung disease, and barotrauma prior to ECMO affected the hospital mortality rate of ARDS patients treated with ECMO. Furthermore, we observed that the average age of the survival group was lower than that of the non-survival group. Specifically, 53.8% of the patients less than 50 years old had a markedly good prognosis without severe disability, whereas most patients over 50 years of age did not survive when treated with ECMO. This result suggests that ECMO should be considered for young patients, even if they have other contraindications, and this conclusion is in agreement with many other studies [19] [20] [21] 23] . Based on the present results, in addition to age, the duration of mechanical ventilation before ECMO was associated with mortality. According to the established protocol [12] , a 7-day duration of ventilation is the cut-off point: a ventilation time>7 days is an exclusion criterion for ECMO treatment. Notably, in our study, most of the patients with barotrauma before ECMO were not successfully weaned from ECMO. This observation suggests that barotrauma prior to ECMO is associated with death, and this relationship between barotrauma and mechanical ventilation may explain why the duration of mechanical ventilation before ECMO was also associated with poor prognosis. However, in our study, 3 patients with ventilation times before ECMO of 9, 15, and 17 days were successfully weaned from ECMO and survived to hospital discharge. This result suggests that ECMO support could be initiated on patients who had been mechanically ventilated for more than 7 days if there was no barotrauma prior to ECMO. It may be appropriate to focus on the implementation of a protective ventilation strategy before ECMO. Further studies are necessary to clearly address this issue. In addition, in our study population, there were 9 ARDS patients with lung fibrosis, including fibrosis in the primary and secondary stages, such as connective tissue diseases; ECMO failed in these patients. This result suggests that physicians should select appropriate candidates for ECMO among severe ARDS patients. Patients with potentially irreversible underlying lung diseases such as connective tissue diseases should not be recommended for ECMO unless they are awaiting a lung transplant. Although the severity of hypoxemia before ECMO was not different between ECMO survivors and non-survivors, we observed a greater improvement in PaO 2 among survivors than among non-survivors after ECMO initiation, and this improvement was associated with the implementation of protective ventilation.
Complications of ECMO, such as bleeding, remain a clinically significant issue [24] . Hemorrhagic events occurred in 16 patients (42.11%) undergoing ECMO in our study. Non-survivors displayed a higher rate of complications, including hemorrhage, deep venous thrombosis, pulmonary embolism, infection and renal complications. Most patients experienced at least one complication attributed to ECMO, e.g., brain death, cerebral infarction and seizures, thromboembolism, and circuit clots [4] . Other centers have found similarly high complication rates [19] [20] [21] 23] . Notably, one patient who suffered from intrapulmonary hemorrhage was successfully treated via endoscopic hemostasis and survived to discharge. Nevertheless, the most common causes of death among ARDS patients are related to multiple organ failure associated with intractable respiratory failure and severe sepsis. As shown previously, the lactate levels of the non-survival group were higher than those of the survival group; this result suggests that ECMO may be less useful for severe ARDS patients with septic shock, greater cardiac output, and impaired peripheral oxygen extraction when their pulmonary gas-exchange capacity is severely impaired [13, 25, 26] . Whether ECMO is an appropriate therapy for septic adults is still controversial [27] .
Importantly, ECMO assistance was successfully used as a bridge to lung transplantation in one patient with pulmonary fibrosis in our study. The patient survived to discharge without disability and had returned to work by the end of the study. Our center has begun using ECMO for critically ill adults as a bridge to lung transplantation, even though the currently available data are limited. However, the use of ECMO while awaiting lung transplantation has been very promising in some patients with reversible lung disease [28, 29] .
Another important point to discuss is the ECMO team. It is essential to recognize the crucial nature of the collaborative effort of physicians, respiratory therapists and nurses to manage patients using complex technology safely and effectively in the ICU [30] . ECMO should be performed at centers with high case volumes, established protocols, and clinicians who are experienced in its use [31] .
Several limitations of this study should be acknowledged. First, this was a retrospective study performed at a single medical center, and this design limits the generalizability of these findings. Second, the number of included patients was small, and we failed to evaluate the long-term outcome of our patients, particularly in relation to the degree of pulmonary dysfunction and quality of life; this lack of data limited the conclusions that could be drawn. Future work in this area, where possible, should include a larger number of subjects and a control group not receiving ECMO from the same population. One strength of the present study is that it only includes patients with severe ARDS according to the New Berlin definition. Previous studies have frequently mixed patients with ARDS and those with cardiogenic shock, but these diseases are likely to affect different populations and to have different prognostic factors [32] .
In conclusion, our results revealed a hospital mortality rate of 57.89% among severe ARDS patients. Our data also demonstrated that advanced age, a long duration of ventilation before ECMO, underlying lung disease and barotrauma prior to ECMO affected the mortality rate of ARDS patients being treated with ECMO. Barotrauma prior to ECMO and underlying lung disease were independent prognostic factors for survival to hospital discharge among ARDS patients treated with ECMO based on multivariate analysis. These results might help physicians select appropriate candidates for ECMO among severe ARDS patients. Accordingly, our findings indicate that ECMO can be used as an alternative therapy for severe ARDS patients when conventional ventilation fails. However, additional studies should be conducted to further define the indications for ECMO use in severe ARDS patients.
